Our results indicate that AHQ, but not AQ, can retard ligninlike condensation reactions. Exactly how it accomplishes this was the point of several experiments described in the paper; however, no firm conclusions could be drawn from the data since we still lack fundamental knowledge about the condensation process itself.
INTRODUCTION
The delignification of wood can be thought of as involving two primary reactions:
first, a set of fragmentation reactions in which high molecular weight lignin is degraded into smaller units, some of which are water soluble and pass from the wood cellular structure to the cooking liquors, and second, condensation reactions in which lignin and/or lignin fragments combine to form high molecular weight material containing new types of bonds. 1 , 2 This latter process is an undesirable one in that the condensed lignin is probably more resistant than the native lignin to solubilization and may contribute to "residual" lignin (that lignin which is the most difficult to remove during pulping). 2 One of the principal benefits of employing catalytic amounts of anthraquinone (AQ) during alkaline pulping is rapid delignification rates. 3 Anthrahydroquinone (AHQ), which is formed during pulping by the reaction of AQ with wood carbohydrates,4,6 has been shown by a number of research groups to promote fragmentation reactions of lignin model compounds.
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We would like to describe here our efforts to show that AHQ can also inhibit condensation reactions in a simple lignin model, namely vanillyl alcohol. The significance of this finding is that it predicts that pulping to low residual lignin contents should be possible in the presence of AQ; this has recently been realized in our laboratory. 1 1 
RESULTS AND DISCUSSION

Vanillyl Alcohol Cooks
The condensation reactions of actual lignin would be expected to generate a very complicated product mixture. In an attempt to understand the chemistry of the process at a molecular level, we chose to study a model, vanillyl alcohol, which has some of the essential features of typical lignin. Vanillyl alcohol (VA) in hot alkali should reversibly form a quinonemethide. If AQ or AHQ were to favorably interfere with these anticipated condensation reactions, one might observe (a) less polymer formation in the presence of the additives, relative to a control, (b) reduction products, such as creosol (6) , and/or (c) oxidation products., such as vanillin (7) and vanillic acid (8) .
Dilute solutions of vanillyl alcohol in 0.5N NaOH, containing no additives (the control), equal molar amounts of AQ, 3 molar equivalents of glucose or combinations thereof, were heated at 173°for 2 hours, under mild agitation, in sealed titanium reactors. The purpose of the glucose was to reduce AQ to AHQ. Since glucose is rapidly destroyed by base at elevated temperatures, 12 there should be no continuous generation of AHQ from AQ during the course of the cook. Consequently, equal molar amounts, rather than catalytic levels, of AQ were used.
Two different work-up procedures, as outlined in Fig. 2 , were employed. Analysis of the organic components in either the freeze-dried or precipitated residues were qualitatively the same.
Analysis of the underivatized products by high pressure gel permeation chromatography (GPC) was not successful. Columns which were capable of differentiating small polymers, i.e., combinations of u-Bondagel and u-Porasil, did not function properly with the solvents necessary to dissolve the products. The SynCrompak column used in earlier studies 1 3 showed very few differences between product samples; this column is not able to distinguish molecular weight differences below 5000. Consequently, GPC analysis did not allow a distinction to be made as to the degree of polymerization in the control runs vs. the runs containing additives.
Direct gas chromatographic (GC) analysis of precipitated and freeze-dried products, showed very few signals; creosol, the expected reduction product of quinonemethide 3, was not observed.
Product samples which were extracted with hot tetrahydrofuran (THF), derivatized by methylation with dimethyl sulfate to increase the volatility of phenolic components and then analyzed by GC showed many more signals. Figure 3 shows the gas chromatograms of three cooked samples, containing the same amount -of added internal standard (I.S.).
The cooked sample which contained AHQ (actually AQ and glucose) showed substantially lower amounts of dimers and trimers.
(Proof of these structures will follow.) The chromatograms of the control sample and the one containing only AQ as an additive had nearly identical levels of dimers and trimers (Fig. 3, A and B).
Approximate yields of 4 and 5% were calculated for the main dimer and trimer, respectively, in the control and AQ cooks by assuming a GC response factor of 1.0 for these materials relative to the internal standard. When only glucose was used as an additive (GC curve is not shown in Fig. 3 ), the yield of main dimer and trimer was 3 and 1.3%, respectively. For the glucose/AQ additive mixture the yields were 1.5 and < 0.5% for the dimer and trimer.
Although the GC method is not capable of showing low volatility products; such as small polymers, one could infer from the yields of the dimers and trimer that much less polymerization was occurring in the AHQ cook relative to the control and AQ cooks. 
Product Characterization
The general method of characterization of the vanillyl alcohol condensation products was by gas chromatography -mass spectroscopy (GC/MS), although the major dimer and trimer were also collected by preparative GC and NMR spectra were recorded. The full details of the mass spectral interpretation of the fragmentation patterns of condensed products is reported in the next paper. 1 .
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The three most prominent components directly following AQ in the gas chromatogram ( Fig. 3) showed mass spectral molecular ions of 288, 288 and 332, which would correspond to methylated dimers of vanillyl alcohol (molecular weight 154). The molecular ions were quite intense, which is indicative of highly aromatic structures.
Based on the fact that a dimer of structure 9 had been previously isolated from a vanillyl alcohol alkali reaction 1 6 and its molecular weight after methylation would be 288, we assumed that one of the dimers corresponded to this structure. Compound 9 was The adduct 13 was peculiar to the AHQ cook; the others mentioned above were present in all the cooks. Except for the adduct, there were no products which gave clues as how AHQ was retarding condensation reactions. Vanillin, for example, was no more abundant in the additive runs than in the control. Reduction product creosol and oxidation product vanillic acid were not observed in the AHQ runs, even though extraction procedures were employed to specifically look for them.
The formation of dimer 12 suggests there is some radical character to the condensation process, since ionic intermediates would not be expected to couple in a head-to-head fashion.
Several unusual dimer and trimer products have been observed by GC-MS using chromatography conditions different from that shown in Fig.3 . For example, the GC-MS data suggest 15 structures which are isomers of 10 and 11 that possess biaryl linkages meta, rather than ortho, to the phenolic hydroxyl groups. It is difficult to imagine a simple carbanion process (as shown in Fig. 4 ) that will explain these products. Acidic self-condensation reactions of vanillyl alcohol have been reported to give these unusual products; 19 perhaps they can form to some extent in our case during the mildly acidic workup of the VA cook samples.
Another compound which was expected to be a component of the VA condensation product mixture was 2-vanillylanthraquinone (14) .
This compound has been isolated in low yield from pulping liquors.
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The VA/AHQ cook sample produced a weak spot on a thin layer chromatography plate displaying the same Rf value and fluoroscent quenching characteristic as 14. The compound was not specifically observed by GC/MS.
Variations in the Cooking Procedures
In the vanillyl alcohol reactions described so far, we used equal molar amounts of AQ (or AHQ) and vanillyl alcohol. What would happen if low levels of AHQ were used? To answer this question we repeated the vanillyl alcohol cooks at various levels of AQ in an inert atmosphere.
The data are given in Table 1 . The areas of the GC signals corresponding to the major dimer and trimer products and to the adduct 13 were compared to the area of an internal standard signal (equated to 1.0). Most of the decrease in dimer and trimer levels occurred with just a 2.5% level of AHQ; larger amounts of AHQ, however, led to decreased levels of condensation products and increased levels of adduct. Another trend was also quite apparent, namely, the level of trimer fell off more rapidly than the dimer. Presumably, this is a consequence of having consecutive reactions.
The dramatic effect of low levels of AQ on the VA condensation reaction suggests a (redox) catalytic action. The question is "what species is present to complete the redox cycle"? Glucose is known to be rapidly consumed by warm alkali. 12 Possibly, the VA-AHQ reactions are very rapid and are, thus, able to benefit from unreacted glucose. Maybe glucose by-products play a role.
We have qualitatively noticed that AHQ is much more effective at quenching condensation reactions of VA at high temperatures than at low temperatures. The distribution of some of the condensation products also varies with temperature. The data in Fig. 5 present the analyses for vanillyl alcohol cooks done at various temperatures, with and without 1.0 equivalent of AHQ present.
Clearly, temperature does have a strong influence on the extent to which AHQ depresses VA condensation reactions. Alternative explanations seem in order. In contrast, sodium dithionite was an excellent additive for retarding VA condensation reactions. This fact prevented us from employing dithionite in the VA/AQ cooks for the purpose of generating AHQ in situ. Another compound which depressed VA condensation reactions is 3,5-dinitrobenzoic acid (DNBA). The data in Table 1 aQuantities present relative to benzil internal standard assuming a 1:1 GC response factor. bCooks were done at 100°C, in glassware, under nitrogen, for 2 hours. At the conclusion, the samples were exposed to air, filtered to remove most of the AQ, and acidified to obtain the product. The product mixture was dissolved in THF and derivatized with Me 2 SO 4 /OH-prior to GC analysis. CThe additive level was 0.1 equivalent relative to VA; AHQ was generated by the dithionite method and the excess dithionite removed. dThe retention time of this component differed from the control and, thus, may correspond to something other than a trimer.
All of the cooks produced lignin of higher molecular weight than the starting dioxane lignin; however, the cook containing AHQ (Fig. 7 , curve E) appears to produce the least amount of higher molecular weight condensation products. Perhaps a note of caution should be added at this point concerning GPC data on lignin. Lignin has a large number of polar groups which can adhere strongly to column packings unless a very polar solvent is employed. Most GPC columns do not perform well when polar solvents are used. The SynChropak column used in this study has never been used to analyze lignin; its main application area has been in the analysis of proteins 26 and carbohydrates. 27 The column adsorbed some lignin, giving distorted shapes, when 20% aqueous dioxane was used as the solvent during the analysis of the cook products. The column appeared to function well with DMSO as the solvent.
Besides adsorption effects, GPC molecular weight profiles can be distorted by changes in chromophores when using an ultraviolet (UV) detection system. The assumption which is generally made is that the high molecular weight components absorb in the UV to about the same extent as the low molecular weight components. If however, an additive, like AQ, causes additional chromophores in one, but not all, molecular weight species, then the true molecular weight distribution will be distorted.
A third problem with GPC is that unwanted UV absorbing species can interfere with the analysis. Ideally all the AQ should be removed from the samples since it is a strong UV-absorbing low molecular weight material. In filtering to remove AQ, some insoluble lignin could be lost. When acidifying to collect a lignin precipitate, the low molecular weight, water soluble, lignin will be lost. There is evidence that AQ becomes bound to the alkali soluble lignin found in soda/AQ pulping liquors. The THF was evaporated simultaneously with a stream of nitrogen.
The pH was adjusted to approximately 9 with sulfuric acid. The solution was extracted with chloroform, the chloroform dried over anhydrous Na 2 SO 4 and concentrated on a rotary evaporator. The sample was transferred quantitatively to a 10 mL volumetric flask containing 1 mL of a standard benzil solution (2 mg benzil/mL CHC13) and diluted to volume with CHC1 3 .
Method of Anaysis, Gel Permeation Chromatography (GPC).
Analyses by GPC were done using a Varian 8500 pump in conjunction with a Perkin-Elmer LC-55 UV detector.
Samples were first neutralized with HC1 then dissolved in 25% dioxane/H 2 0. Solutions were filtered and a 50 uL aliquot injected onto the columns. The mobile phase was 25% dioxane/H 2 0 with a flow of 25 mL/hour. The first set of columns tried was composed of a u-Bondagel E500, a u-Bondagel E125 and a u-Porasil, 60A, in series.
Severe tailing of the peak on the low molecular weight end of the chromatogram was observed with these columns. Removing the u-Porasil column from the series did not improve the tailing problem and resulted in loss of low molecular weight resolution.
A second set of columns tried included u-Bondagel E1000, E500, E300, E125 columns in series. These columns did not perform well in our system and it was not possible to obtain reproducible
results. An attempt to analyze samples which had not been neutralized in order to minimize loss of high molecular weight material, and hopefully improve reproducibility, failed due to the incompatibility of these columns with very polar materials.
Some samples were extracted with dimethylsulfoxide (DMSO) and 50 uL aliquots of these extracts analyzed using a SynChropak GPC 100 column with DMSO (15 mL/hour) as the mobile phase. This column was not able to distinguish molecular weights in the range below 5000 and therefore proved unsuitable for these analyses.
Method of Analysis, NMR. -Proton NMR spectra of various cook samples and synthesized reference compounds were run on a JEOL FX 100 spectrometer. The solvent was CDC1 3 with TMS as an internal standard.
Method of Analysis, GC and GC/MS.
-Gas Chromatographic analyses of derivatized sample were done either on a Perkin-Elmer 3920 GC, using a 6' SE-30 (3%) on Chromsorb-W column and nitrogen carrier gas flow of 30 mL/minute, with temperature programming of 120°to 250°at 8°/minute and detection by flame ionization (Fig.   3 ) or a Hewlett Packard 5840 GC, using a 2' OV 101 (2%) on Ultrabond 20M column, with temperature programming of 150°to 225°at
10°/minute and detection by a Hewlett-Packard 5985 mass spectrometer (Fig. 6) . The all glass GC/MS system employed helium ( El and CI mass spectra. 1 5 .A few of the VA cook samples were analyzed by GC before derivatization and retentiontimes compared to that of authentic creosol (6); no significant level ofcreosol was observed.
Method of,Analysis, Preparative GC. The major dimer and the trimer from VA cookswere purified and collected by preparatory GC using an Aerograph 200, GC with a thermal conductivity detector. Residual starting material comprised 46% of the mixture.
Bis-(3-methoxy-4-hydroxyphenyl)methane. -This compound (9) was prepared according to the method of Lindgren 
